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Osteopontin (OPN) is an extracellular matrix protein 
that binds to Intcgrin a^Py Hero wc demonstrate that 
two other intcgrin*, oz %e p l und ft^fls, are also receptors for 
OPN. Human embryonic kidney Z&3 cells adhere to hu- 
man recombinant osteopontin (glutathione S- transfer- 
as c-osteupon tin; CST-OPN) using integrin or^,. When 
the 293 cell* are transacted with the p 5 subunit, they 
can also adhere to GST-OPN using integrin «a v p v Diva- 
lent cations rcgulato the binding of CST-OPN to both 
ot v iS t and ^Jlg. Mg z * and Mn fc * support the binding of 
C$T-OPN to these integrins but Car* does not. The high- 
est affinity is observed in Mn^. In the preserve of this 
ton, the affinity of GST-OPN for o^fi x Ik 18 riM and the 
affinity for ot v p s is 48 nu t The antibody 8A2, which is an 
agonist for ft, promote* the adhesion of 293 cells tp 
GST-OPNT even when Cm** is present, This observation 
suggests that cellular events could modulate the affinity 
of for OPN. Collectively, these findings prove that 

JUtfegrins <*v0i, "vPa. and or v ^ have similar affinity for 
OPN, Therefore, all three integrins must be considered 
when evaluating the biological aflccls of OPN. 



Osteopontin (OPN) 1 is a sucrcicd phu&phoprotcln that was 
originally isolated from bone (I). OPN is also found In many 
oilier fluids arid tissues including milk, urine, placenta, kidney, 
leukocytes, smooth muscle cells, and some tumor cells (for 
reviews, see Refs t 1 and 2). OPN si ipports cell adhesion through 
its Argdy-Asp <RGD) lntegrun recognition motif, OPN Is also 
rich In aspartic acid residues, and tan be hoavily glycosylated. 
The ucldic nature of OPN probably accounts For its ability to 
modulate the growth of calcium crystals in both bone (1, 2) and 
urine (3). 

Imegrin a v #, is the established receptor for OPN, In bone. 
« v 0, is expressed on osteoclasts a*td It initiates bone resorption 
by mediating adhesion of the osteoclast to OPN in bone (4-6). 
It has also been hypothesized that OPN and integrin o^fa 
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facilitate vascular remodeling because these two proteins are 
co-locali'icd in smooth muscle cells following balloon angio- 
plasty (7). Both OPN and lnteg.rin «J3 3 are also present in 
human placenta (8. 9). so their interaction could also be rele- 
vant to pregnancy. 

Although ct^pj is clearly a receptor for OPN. many other 
integrins also bind the RGD motif <10. 11) and no data have 
excluded other Integrins as receptors for OPN, Therefore, we 
hypothesized that other Inlugrlns with tliu a v subuidt may also 
bind OPN, The purpose of this study was to provide a quanti- 
tative biochemical analysis of cho bindine between OPN and 
Integrins or^, and We reason that a measure of these 

binding afllnJlliis will alluw u meaningful compai isori wiU> ihe 
binding affinity of OPN to aji 3 (12). If more than one lruiigrln 
does bind OPN with similar affinity, then much tnforrnatiun 
attributing adhtuion and signaling events entirely to tin- inter- 
action between OPN and a v £ 3 should be re- evaluated, 

MATlUilALS AND METHODS 
Cell Urns — Human embryonic kidney carcinoma ZD3 cells were oh- 
tallied Iroin ATCC anil lualritulncU lit OuUxxw'n ukkJJUcU Lagk's me- 
dium (ft*u Whlilakei) supplen^nled wltli 10% feLal cair weum (livtm; 
Scientific). 20 mM He pes (pll 7.4). 1% glutamlne, 1% pcnidllln. and 1% 
sUoptomycbi (Sigma). Human IntcgrtM >uU*nic ^ w,is cloficd using 
pOlynicrus« ihuin itMiction and subcloned into the mammaii&A txpttx- 
slon vemor pcDNA3 (Invitrogen). Kidney 293 cells wura trans fee ted at 
passage 40 with A/pc&NA3 or pcDNA3 vector *k>r* wring nA[i-{z,3- 
dlolDoyloxy)propi]^rV, N< A'-trlrrtethylaounonlMm methylsul/aic \c*fVi(^ 
rion i-ea^eni (Boehrlnger Mannheim). Stab) a transfectants were ob- 
tatood after seiecdon In 500 ^fl/ml Ctl8 (SlgrrMw) for l weeks and 
maintained thereafter In 250 p^n\\ C41*. ColU cxpmssln K high levels 
of were obtained by sierlle FACS with an ant 1-0, monoclonal 
antibody (mAb), P3G2. 

Protein Expression and Purification— \t\ this study a recombinant 
Torm of OPN fused the glutatliiOne ^-transferase (GSTOPN) wai used 
as llgand. We have previously described the characterization of this 
llgand [l2). CST-OPN supports cell adhosion in a manner equivalent to 
native uropontin, a form of OPN purified from human urine (12). Wu 
have also found that both versions of OPN function equally In Support- 
ing cell adhesion through iMtgfln oj^ and aj^ (data nor ^howrt). 
CST-OPN w W cho>e^i in du interest of consistency In performing cell 
binding studies and because of Its availability, Intrgrin aj3 s was puri- 
fied from a human placental extract using rnoaoclOnal anUbody affinity 
chromatography as described previously (1 30. Th* identity and the 
purity of this protein was assessed by N-termJnal amino acid sequent 
ing and by its ability to bind a series of monoclonal antibodies specific 
for cither or a^g. 

Vitronectin was purified from human plasma by affinity chromatog- 
raphy on heparin-Sepbnnwo as described (n). 

Anf/bodi& -Tke monoclonal antibody 8A2 and its Fab fragment hind 
to the intcgrin 0, subunlt and stimulate the llgand binding Tunctlon or 
imegrifiy containing this submitt. An in-dfeprh characcerifcadou of Uils 
antibody has been published ft 5, 16). Monoclonal andbody L230 (antl- 
<0 was purified from cell culture supernatant from hybrid oma cells 
(ATCC. by using protein A-Sepharose. The blocking act W Icy of 

this antibody has been reported previously (17). Monoclonal antibody 
P4C10 (antl-0,) was purchased from Ufe Technologies Inc. and was 
used in ascites form, normally at a dilution of i;500, Ami.jS, monoclonal 
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Kic, I, FACS analysis of intcgrji* expression on kidney Z93 cell*. A panel Of monoclonal antibodies wa* vied to ustss Integrin expression 
On wiW-type and 0 a transected human kidney 293 cells. Cells were incubated with pnouse IgG or with tho noted primary antibodies and then with 
secondary fluorescein LsothtocyanatC' conjugated goat anti-mouse IgC, !■ olio wing extensive washing to remove free Antibody the uUs were analyzed 
by flow cytometry. The expression level of each lniegrin subunlt is Indicated by tnu i»>C*n fluorescence Intensity* Tho imegrln expression proAle 
of wild -type 293 C«IU was analyzed wli h niAb LM609 against uJJ, (^4). P3G2 against a v 0 5 (£>, 1 4H4 against a. (O. and inAb 1 977 against 0 M (C*. 
Following transfection of these calls with the cDNA, for A* the expression of tho o^P* heterodlmer was detected with mAI> P3C2 Celts 
transfected with the vector pcDNA3 atone exhibited a profile Identical to wild -type 293 cells (not shown). 



1 377 was )Xirch0»*d from Clwmlcon Int. Inc.. Monoclonal antibody GB9 
(aiuNaJJj) was produced in this laboratory (IS). The polyclonal anti- 
body T545 was raised In this laboratnry by immunizing rabbits with 
highly purified integrin « ¥ pV Prior characterization sliows that T545 
binds and hninuAo precipitates any Integrin containing the a w subuntt 
(darj* not shown). NonsiKxlflc mou*«? Ij^C was obtained from CaJblu- 
cliom. Munuciotml amtbudu* LMG00 (anti-a^J and VJCt (*nti-aj^) 
were gcneriiuily provided by Dr. David CJverlsh (Ik Scrlpps Research 
Institute). 

Synt/xllc fcpUtte- Tlw* Hynrhetle peptides with souuei»c* CRCDSP 
and SPCDRG were purchased from Gkmi Scientific (La Jolla, CA). 

Pluortsceace-acUvatcd Celt Sottliw (FA CS) — FAG S analysis was per- 
formed using standard p^MOCoLt, Briefly, cells were harvested In phos* 
phatc buffered sallne/EDTA, washed onoo witli Dulbecco's modified 
Ragle's medium, and rosuspenctarf In .same media. Cells worn Incu- 
bated with primary MhlitxHfy for 30 mm on icq and then washed twice. 
Cells wen; Uh*ji LieubaLed with fluorescein lsothlj>cytfnate^fiJ u K aLe( * 
goat anti-mouse secondary antibody (C&ltag) for 30 min on ice, Cells 
were washed twice with media ami r«.suspended In phosphate -buffered 
saline for FACS analysis. FACS analysis was performed on a Becton 
Dkokbv*an FACSsort. 

Cell Adhesion Assays — Cell adhesion was measured as described 
previously (19). CST-OPN 0 r vitronectin were coated onto 96 well mi- 
croliter plates (TKertek) and Incubated overnight at 4 *C. Our meas- 
urements using ,5£B I-C5T-OrTJ as a U «W Indicate that 13-19% of the 
CST-OPN actually binds the pUire when the coating concentration la 
between 1 and 10G nM. Thu», tlio amount or Itgand avalUibU; for cell 
adhesion is wixlderably less than Lhe coating cuttcc"ir»tiurt, 'ilteife wa>i 
little variability in coating efficiency so comparisons of cell adhesion as 
a function of coating concentration, nre valid. Following exposure to 
CST-OPN, llw plates were then blocked by 30 rng/inl bovine serum 
albumin b> TBS (pH 7.4) for 1 h at 37 m C. Cell* were harvested from 
cissua culture flasks with phoapharfc -buffered salLne/EDTA. washed, 
and res us p ended in adhesion buGTer containing 1 X Hiirik*' tol&nced 
sail solution lacking divalent cat tons . 50 rim Hepei (pH 7.1). 1 mg/mi 
bovine serum albumin and 0.5 mM Mp 1 *, 2 mu Ca 2 *. or 2 him Mg". In 
most expert men I* 100 *d of cells (1.5 X 10* cells/ml) were added Cu c^Ch 
well. Where required, appropriate cof icentralloo of agonies (eg. acti- 
vating mAb aA2. typically at 1 /ig/mt) or anragonists {e.g. EDTA at 20 
mM or blocking antibodies, 1 :$00 for ascites and 5-20 ug/ml for purified 
mAM were mixed with the cells before they were added to the wells. 
Various batches of control ascites gavi* no inhibition at a 1 :500 dilution. 
After a 45-min incu ballon ac 37 "C. tht: non-adherent cells were washed 
ofif with TBS by gentle aspiration. Adherent ceils were detected by a 
colorUnerrlc assay measuring undugeitOuA cellular lysosomal add phos- 
phatase activity with a chromophor* that absorbs at 405 ran (20). A 
standaitl curve with cells In suspension showed 0>al ausarbance values 
were .directly proportional to ceH nutober. All experiments were per- 
formed at Uartt thiee rimes yielding Identical results. 

fodioligand Binding Measurement t^T* aue&s the affinity of CST- 
OPN for integrins on the 293 CftlU. binding isotherms of the Interaction 
between '"MateJad CST-OPN and 203 cells were generated, CST-OPN 
was radiolabeled with Na >xit l using i< )DO CEN (Pierce Chemical Co.). 
The specific activity was between 7. and 7 X I0* 4 cpmmg of protein. For 
binding assays, cell* were harvested and resuspended In adKc&on 
buffer containing 0.S mM Mn"*. which h*d been found to promote 



maximal cell adhesion to GST-OPN. A concentration rango of l "l -CST- 
OPN was added to Che 293 cells or the A-translcctod 205 cells (] X 10" 
cells/nil) in suspension and the mixture was then incubated for 70 nun 
at 14 *C. At the end of the Incubation period, quadruplicate sample* of 
cells (30 j*l) were careful)/ U*y*i*ed onto 20% sucrose cushions (280 ^) 
in irdcmntrrifug* tubes (West Coast Scientific Inc., flaywwd, CA). l he 
luUss wore centi lfugod fur 'J uUn #t 11.000 i pmaiMl tike ciill pellet In tlte 
tip of the tube was iunpuuted aikd counted In a y-counter. Nonspecific 
binding way meitvured In the presence of 20 mM EOT A and was sub- 
tracted from total binding to yield specific binding. All nH^uivimmts 
were repeated at least three times yielding Identical result*. 

Bound protein was calculated from tho spocitk activity of die labeled 
Ilgand »nd the results are presented as inuUxuli-s bound pur coll, 
ICST-OPNl^,^. Scalchard plow were derived by plotting y(GST- 
OPN| lFWI1 against y. where y represents |CS"I *-OPNl lllM „ F /total number of 
ceiU, Thti hinding affinity (KJ of ccU surfvw lru*g'lo for CST-OPN to 
derived front lhe slope of this plot, In c^u^k whurc blocking antibodies 
were present, preincubation with the antibodies at 14 "C for 12 inlii was 
turrled out prior to adding m I -CST-OPN. In cases where blading was 
stimulated with 8A2. the antibody was added ^imulLaneousJy with the 
labeled ligand* 

The ability of purified integrin ajk, to bind CST-OPN was also 
measured v*ing a solid phase binding assay pjreviou*ly described (19). 
Purified a w At was lmmoblli£cd on 96-weH Titert£k microliter plates at 
a coating concentration of $Q ng/well. After Incubation overnight at 
4 "C. nonspecific proreln binding sites on the plate were blocked with 30 
n^ml IkjvIiio serum albumin and 1 mM of lU* d^biHl dlvalont caLb>n(^) 
in IT3S (pH 7.4). KadJolabelcd CST-OPN in either 2mMCa ,f or 0.2 inM 
Mn* * was then added to the plate. In control wells, nonspecific binding 
was rttr**ured in the presence of a competing RCO peptide. Nonspecific 
binding was subtracted from the total binding to yield specific binding. 
Each data point Is a result of the average of triplicate wells. 

RESULTS 

Generating Cell Lines to Study tlic Binding between Ol'Nand 
avlntcgrlns—Tv study the binding of aj^ and to OPN wc 
chose the kidney 293 cells because they lack tho ct^ Integrin. 
These cells do express endogenous a v $ t (21). Thus, the wild- 
type 293 cells serve as a model for measuring OPN binding to 
a v /3 i To generate a cell line with which we could measure the 
Interaction of a„^ s with OPN. the 293 cells were transfected 
with the cDNA for Aj. The integrin profile of the wild-type axuj 
£ 3 -tramrc-ctcd Z93 cells was compared by flow cytometry (Fig. 
1). These studies confirm chat the wild-type 293 cells fall to 
express etji u (panel A) or Ov/Js {p#nef , The cells express both 
the otv and & t subunlu {panels Cand Z}. Our Imrnunopreclpl- 
Udons are consistent, with prior studies (21 f 22) which htdicule 
that otv^i is the predominant 3, containing Integrin on these 
cells (data not sshown). Following transection with the 0 4 
cDNA the 293 colls also express the a v £ 5 hotercdimcr on tho 
cell surface {panel £). The cells transfected with the cDNA for 
0s display a 10-fold greater binding of antl-^ antibody than 
the vector transfected or wild- type 293 colls. The expression of 
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Fig. 2 Wild-type 293 cells and 0, cr»p»fected W cell* adhere 
to OPN. The adhesion of wJId-type {open AarjJ and Ps'iruilsfecTtd {dark 
Wi> 293 cells to CST-OPN was challenged with a or Mocking 

monoclonal antibodies, Cell adtioston M CST-Ol'N was performed jh* 
presence of LMG09 (anti-u^, Pil-6 (antt-»JJj. I'flClO (a^tl-",), tn* 
mlxrure of P1F6 and P4C10. 1,230 (rtnd-aj, and RCD pcptluu as a 
UAirol inhibitor. The results are expiesscd as a porconta»e of ctmurt 
udticalon hi the presence of ftwusc IgC (control*. Hie data an; the ino*n 
Of triplicate wells. Erros bsrs denote (he standard deviation, i'hbi ck- 
petfrnfem Wit performed /our times yielding Identical results. 

aj3 5 on 293 cells was also confirmed by irnmunopreclpttntion 
and Western blotting using antibodies specific for a v (^ (data 
ih>L shuwn). 

fntegrins « v 0, and o^Ps are ftyecptors for OPN—Tu deter- 
mine whether at Y fi l and ot^ s could mediate cell Adhesion to 
CST-OPN, the wild- type and /J^-transfected 293 cells were 
allowed to adhere to Immobilized CST-OPN, Both cell Un«s 
adhere tg CST-OPN {Fig, 2) , Tha adhesion was bloekod by RCD 
peptide and by IMC 10, an antibody against the 0i subunit. The 
adhesion of these ceils was also Inhibited by L230, an ami tody 
that blocks function of o^. The antibody agaiiut 0^3, LM609. 
had ihj efTed. Based im Oiesc data, and lftimunoprccipitaUon 
experiments showing that the majority of p t in these cells Is 
complexed With * v (data not shown), we conclude aji t Ls a 
receptor fur OPN. 

The adhesion of £ 5 - transected 293 cells was also blocked by 
the antibody against the a v .subunit (L230). Approximately 70% 
of the adhesion of tho 0 r ,-transfccicd cells could be blocked by 
PlFG, an antibody that interferes with hgand binding to a^p.^, 
Tlic remainder of die adhesion (30%) could be blocked by an- 
tibody against the fi } subunit. InMcatlng that the endogenous 
u v /3, contributes to the adhesion of these ceils to OPN, These 
experiments show that a v p$ can ;dso mediate, cell adhesion to 
OPN. 

The Cation Dependence of A,dhi>slon to OPN fe Distinct from 
the Cation Dependence for Vl£raitvcan—C& Z4m does not support 
the binding of OPN to intcgrin erjS 3 (12). To determine If Ca 2 * 
Js similarly Ineffective In supporting GST-OPN binding to <x v 0 t 
and **v/B ft( we tested ihe ability of Ca 2 *. Mg 2 *, and Mrt 2 "*" lu 
support the adhesion of wild-type and 0 5 -transfected 293 cells 
to GST-OPN (Fig. 3. panels A and £). For comparison, the 
ability of each ton to support the adhesion of each cell line to 
vitronectin is also shown (panels Cand Z}. In this study, the 
Amount of coated protein was varied across a concentration 
range. Each ion was used at a concentration found to support 
maximal adhesion (not shown), did not support adhesion 

qf either ceil line U GST-OPN. However, Cn 2 * did enable 

maximal cell adhesion to vitronectin. Mn 2r was most effective 
in Supporting the adhesion of a v 0 , and oJ^ s expressing cells to 
CST-OPN. Mg 2 *. which is likely to be the physiologically rel- 
evant ion, also supported adhesifm. Despite slight differences 
in liie rank order potency of divalent ions in supporting adhe- 
sion to vitronectin, all three ions did support maximal adhesion 
to this protein. Physiologic levels of Ca 2 * supported adhesion to 
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Fit. 3. A comparison of the effects of dlvtalenf Ions on cell 
adhesion co osteopontin and vitronectin. The adhesLon or Kidney 
293 cells expressing either lntegrin et^ (panels A and Q or Intcgrin 
(n*n*/* Sand D) to either CST-OPN (panels A and 1$ or vitronec- 
tin ipzwte Cand £J was tested In buffer containing Ca z 1 Oil), Mg* * < ). 
or Mr>»* (•), The adhesion of the 0 & -transfected cells was measured in 
th* pi t&tKt of ancibody F4CIO to eliminate any contribution of endog- 
enous Of,0, to C*H adhesion. Adhesion assays were conducted as «Jt* 
vciibvd uo<i^ 'E^i^ei'imental Procedures." Each data point ta the aver- 
age of <]uAdiXipllCi%to ^Measurements. This experiment w&y j>*rfo. 
four Unws ylcWIng ide»tkul r£=iulLv Addltlnniilly, In si^paralo cypcrl 
rncnts. Identical rraults were obtairied wh<in uiO|VjurU, u^ca ^ 
linniubillzcd llgand. 

vitronectin but not to CST-OPN, Wn conclude that there Is a 
fundamental difference in the cation requirement of intugriri 
binding to OPN as opposed to vitronectin.. 

Measuring the Affinity ofGsST-OPN for a v # l and ^p fi ~Thc 
OPN receptor that has received the must attention is lntc*giiri 
VVe recently measured the affinity between CST-OPN 
and piiri/lcd intcgrin dJ3 3 and found the apparent K„ to be 
between 5 and 30 nw (12) T Recent binding studies between 
GST-OPN and on the surface of MZ1 melanoma cells has 
yielded a similar affinity (da fa not shown), T« gauge the sig- 
nificance of dm binding of OPN to or « v £ 5 , it Is important 
to compare the binding affinities between OPN and each of 
these Integrlns. To measure Hut affinity of OPN for a v fi l and 
a Y g s . we performed binding assays with soluble l "X-GST-OPN. 
These binding studies were performed by hai vesting the wild- 
type 293 cells or the 05-tran.sfected 293 cells from tissue culture 
flasks and placing the celts in suspension. Binding studies were 
done in Mn z+ to obtain the highest affinity between CST-OPN 
and the two Integrlns. In the case of the /^-transfer. ted cells, we 
fourki thai a small component (typically 10-20% ot total bind- 
ing) of CST-OPN binding was mediated through endogenous 
To eliminate this component from the analysis, the? bind- 
ing studies with the 0 5 -iraiisfected cells were performed tn the 
presence of a saturating level of a function blocking antibody 
against the 0, subunit. Initial control binding studies showed 
that the specific binding of l2S I-CST-OPN to both wild-type and 
05-transfected 293 was Inhibited completely by an RCD peptide 
and by blocking antibody against the suburdt (data not 
shuwn). To measure the relative affinity of GST-OPN for intc- 
grin o^/J, and <k v 0 s , binding Isotherms were generated across a 
concentration range of us I-CST-OPN (Fig. 4). Scat chard anal- 
ysis of the binding isotherms revealed that OPN has an affinity 
of 18 nM for wj^ (Fig. 45) and 48 nM for a v /3 4 (Fig, 4£*. These 
affinity constants are similar to the apparent K u (5-30 nM) we 
measured between CST-OPN and purtfled «v/3 3 (12). Conse- 
quently, the binding affinity between CST-OPN and all three 
oc v -intGgnn5 is similar. 

Binding of CST-OPN to Purified Intcgrin o^j— Integrin 
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Fig, 4, A mtuuremcnl Of the bind- 
ing affinity between CST-OPN »nd 
* v 0, a Ad tx^fi^ Isotherms of |2 *I~GST- 
OPN binding to wild-type 293 colls M) 
and ft,-trar»fec(ed 233 cells (Q main- 
tained in suspension were genera tod. 
Calls were harvested from clsaue culture 
flasks as usual and were resuspended In 
adhesion buffer containing 0,5 irM Wn J+ , 
^rt** was chosen Lu measure lite highest 
affinity between CST-OPN and tint iwo 
■ntegrins. ,Kl I-C$T-0r , N of increasing 
concentration was added (A the Cell* and 
ch* mixture was allowed (o incubate with 
rocking far 70 mm at 14 "C> Bound llgarKl 
was separated from free ligand by ccntr Lf- 
uftMton through sucrose cushion* 
"Experimental Procedures"), liach pvuit 
is Oh: average or triplicate da La points and 
e^ch Isocherm ts representative of at le;»sl 
three repetitions. Tho erntt bury show i he 
Standard deviation. To derive ttte affinity 
Of t Interaction between GST-CPN and 
Jniegrtn o^, or Integrln ot^ die dat* 
shown in paneis A and C wore rcploued 
according to the method of State hard fr3), 
Thi-s derivation yields Scatchard plots for 
CST-OPN binding to o^p, (n) and 

The R* values for these lines are 0 S7 
ami 0,00. respectively. 




[ JM I-GST-OPN] (nM) 




0 2 4 6 1 

tCsIO-*) (meWccll) 




V 3 10 l> » OS 30 



u v fe is abundant enough in placenta to purify ^ fur direct 
binding studies (13). We measured the binding or ,25 I-GST- 
OPN to purified using the Name format that was previ- 
ously used for a v Pj (12). As shown In Fig. 5 A. Mn I+ Is more 
affective tliun Ca Zt In promoting the binding of OPN to 
Although this assay format does iidi allow an exact derivation 
of K d because the binding of ligand to Intcgrin is irreversible In 
tliis ussay format (11). we can assign an apparent and 
compare this value to thai obtained fur hi Mil 2 *, tlic 

apparent of CST-OPN for o^/J^ is 20 ruvt, which Is compara- 
ble to the vaJue of 5-30 nw for orjfjj (12). Thus, the i W o purified 
Integrins bind GST-OPN with ne^irly equal affinity. The puri- 
fied n^Ps is obtained from a placental lysate by first depleting 
the lysate of crJ5 3 by affinity chromatography. Therefore, we 
performed an enzyme-linked immunosorbent assay on the pu- 
rified ctji s lo make sure chat It contained no contaminating 
ct^fa. This enzyme- linked Immunosorbent assay was done with 
mAb 6B9 wh^ch is specific for a v p.. (18) and mAb LM609 which 
binds only u» o^/J^ . As shown in Fig. 53, the purified «J3 5 
contains no detectable oj v JBi, proving that OPN binds to purified 

Adhesion to OPN through Inte^rin a v 0 t Can Be Stimulated 
by Activation of the $ x Subunif with MonocionuJ Antibody 
8A2^-lt has been reported that many integrins can exist In 
multiple affinity states (16. 24-30). These observations indi- 
cate that there may be cellular pathways that control the 
affinity of an Integrln for (ts ligand. Because our data shows 
that Ca z+ doe* not support adhesion to OPN. we wondered If 
other stimuli could override this phenomena, Since the physi- 
ologic stimuli that regulate integrln affinity have not been 
completely discerned, we made use of the monoclonal antibody 
8A2. This antibody Is a known agonist for 0 t integrins (15, 16) 
and it has been suggested that 8A2 mimics the physiologic 
activation Of these integrins. We tested the ability of 8A2 to 
stimulate the adhesion of 293 ce)W to OPN. These studies were 
performed in buffer containing Cfi 2+ . As shown in Fig. 6A 203 
cells adhered to CST-OPN in the presence or mAb 5A2 In buffer 
containing Ca 2 * . No adhesion to GST-OPN was observed in the 
presence of normal mouse IgC in i he same buffer. To determine 
whether this stimulation was saturable and corresponded with 
the binding of 8A2 to t^p lt the number of cell surface binding 




[155I-CST-OPN) (nM) 
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I'IC. 5. Intcgrin Is n]*o ft receptor of osteopontln. A. the 

binding of CST-OPN to lnlcgrin cUJ* was also (JOtOfmimXl by a solid 
phase binding assay, litis study was done in buffer contorting Mn*~ 
(0.2 rrwJ. •) or Ca* M2mW,i)i>s diwlefit kMIo*. The blading 4w y w^s 
performed as described previously fid). The data are the average of 
triplicate points in which the error was less than 12% of the total 
binding, Nonspecific binding was less than *% of tho total binding as 
determined by incubation with competing ROD peptide. Nonspecific 
binding is subtracted from the total binding. U. to ensure that no 
mnrajninsTing «JJ» present in the o^0, preparation, an enzynv- 
Unked iorununosorbenc assay was performed. The monoclonal andbody 
GBD H) (18) was used as a probe of Integrln o^fi s and antibody LMWW 
(#) wi4 ux*d to detect Integrln 

sites for the antibody was measured. As shown In Fig. SB the 
binding of iils I-mAb aAZ to 293 cells in suspension approaches 
saturation between 0,5 and l /ig/ml of antibody. This concen- 
tration curresporids closely with the amount of the antibody 
that maximally stimulates adhesion to OPN (Fig, 6i4). From 
the Scatchard plot shown In Fig. SC, the VC^of mAb 8A2 for 
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Fic, C. Antibody BA2 stimulate* 203 cell adhesion to OPN in 
Ca ,_ \ A. the adhesion of wild-type 293 cells to GST-OPN was measured 
in the presence of a range of mAb BAZ (+) or normal mouse lgC ( ). 
Celk W*** flesuspended in adhesion buffer containing 2 mM Ca*'. The 
coils (100 at 1,5 X 10" cells/ml) w*r<> allowed to adhere to C5T-OPN 
iit i> coaling COhCCntrulUm of 10 nhi, The data are the mean of triplicate 
wells. £rraf o*/y dcuou* ih« ttaodard deviation, This experiment was 
performed dure times yielding iuuiUlttU ream Jim. A, [h* affinity 
number of binding sites on 2U3 cells for mAb M2 w» ■nc^MCCd by 
gonenalng a binding Isotherm with radiolabeled HA2. Nua-tprtrik LhkJ 
Inn was dctorminuiJ by competition wit h an extra* of unlabeled 8A2 «if>d 
was typically less than 10% of total binding. Tho specifically bound 
counts are shown. C. these data were transformed into a Sea tc hard plot 
(53) to quantify the binding affinity a.xi the number of binding silos. 

on 293 CtfUs Is 1.4 nM and the number of tell surface binding 
sites is 51.000. This value matches exactly the number of o^, 
molecules on the cell surface as measured by binding of l *H- 
GST-OPN (Fig. 4 t A and £). 

We also examined the ability uf mAb SA2 to stimulate cell 
adhesion across the range of coated GST-OPN (Fig. 7 A). In the 
presence of mAb 8A2, the coat Inn concentration qf GST-OPN 
that support rialf-maXknal Cell adhesion is similar to that ob- 
tained In Mn z+ {Fig. 3^4), Indicating that both SA2 and Ma*" 
Induce the high affinity state of To verify thai niAb 8A2 

cumulates adhesion to OPN by enhancing the affinity state of 
«v£i. adhesion assays were done in the presence of mAb 8A2 
and a series of antagonists, including RCD peptide, antibody 
P4C10 (antl /3,), and mAb (anU-aJ. The adhesion to 

GST-OPN (iiat is Induced by niAb 8A2 can bu blocked by each 
of the above Inhibitors (Fig. iBi, Neither random peptide nor 
mouse IgG affected cell adhesion. Several Other control exper- 
iments were also performed. Thesti studies showed that the Fab 
fragment of mAb 8A2 was as effective as Lhe whole antibody 
and that niAb 8A2 did not induce tho expression of more aJJ, 
on the cell surface. 

DISCUSSION 

Many Interactions between cells and the extracellular ma- 
trix depend on cellular recognition of the RGD motif within 



ins a j3 } and ajl 5 
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Fig. 7. m\k *A2 *ii,. u Urt» adhtiloA to GST-OPN through Uv 
tegrln Wv p J( A, d*e .i<lh«$lon at wild-type 292 cells to GST-OPN was 
mcasurcd in Uic presence of w roogt of auitgd CST-OPN in The presence 
of 1 /ig/mi of cither b*A2 (•) or nom*! iv<Hi^ IfcC Cell* [100 pi at 
1.5 X 10* cclls/inl) wuic resustpvnded In Adhesion buffer vontidnlruj 2 
mM Ca** and wtire allowed Lu frlhitir » range of CXT^QPH for 45 niin 
at 37 "C. The data are tlic ntcan of triplicate woUs. /ir/wr /w/a denote 
die standard deviation. U, to confirm that urtegrlii cUJ, is mediating 
«A2-stimulated adhesion to CST-OPN in Ca**« che Mlneston was chal- 
lenged by synthetic peptides and monoclonal antibodies. These are- 
mAb 8A2 only (A). 100 /im CRCDSF [1$, 100 SKDGKG (6). 1:500 
dilution of anu ascites P4.C10 <£^. 20 ^mJ of antl mAb L23Q (J^. 
and 20 *tg/ml nonspecific mouse IgG (fi). 

adhesive proteins. Small peptides with the RCD sequence will 
bind to several Integrin adhesion receptors, but larger adhesive 
protciiLs display considerable Jntcgrin binding specificity. 
Therefore, an important issue with every RGO-containlng ad- 
hesive protein is to identify Its rcccplor(s). OPN. for instance, 
binds to ifitegrm aj^, but not to the platelet intcgrin a ui & 
(12). However, it is now apparent that several integer* have 

Ugand binding properties sdmllar to or v 0 9 . tliesd arc Llw Tour 

other Integrlns containing the a w subunlt, ujl lt a^s. tt v ^ Sr and 
aj* a (22). Like o.ft, two of these Integrins, and a v &t, bind 
to vitronectin, This functional similarity lead us to suspect tliai 
both of these in teg rim may also bind OPN. Since both a w ^ l and 
a v0s nav e been identified in tissues, like bone and the vascu- 
lature where OPN Is Involved in tissue remodeling (1, 2, 31), 
there is the potential for a physiologically relevant interaction 
between these integrins and OPN. 

Ideally experiments designed tu characterize the interac- 
tions between integrins and their Ilgands would provide a 
quantitative measure of these interactions so iliat a hierarchy 
of binding afTliiiclus Is available. Here, the affinity between 
OPN and lntcfirin a^, and 0^3^ was determined by rneasuring 
tlie binding of l2S I-CST-OPN to these integrins present on Ute 
surface of kidney 293 cells. Search ard analysis shows that in 
the highest affinity state, the of CST-OPN is 18 nM for <* v £, 
and 48 nM for ajl s . We also measured the apparent affinity 
between GST-OPN and purified integrin a^ St It was Impossi- 
ble to determine a K4 using Scatchard analysis because GST- 
OPN binding to a v p s Immobilized in microtiter wells was non- 
dlssoclable. This non-dissociable binding has been observed 
previously with integrin og^ and its potential physiologic sig- 
nificance has been discussed (23). Despite this binding anom- 
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aly. the apparent K H (20 t\M) between C3T-OPN and purified 
Integrln « V 0 S Is comparable to the affinity between GST-OPN 
and purified a J3 3 measured in the same assay under the same 
conditions (12). In addition, several cell adhesion experiments 
showed that the coating concentration of GST-OPN necessary 
for half-maximal cell adhesion through ajS,, (Fig. 3, A and 
m. and « v flj (12) was Identical. Collectively, our dm* suggest 
there Is no substantial preference in the binding or OPN to any 
of these # w -integrins. It Is Important to reiterate that OPN does 
not bind to ell integrlns. We recently measured the binding of 
OPN 10 Hie platelet integrln and showed that these two 

proteins do not interact (12). 

The binding of OPN to ita different cvlhtfcfcrirt receptors is 
also similar with respect to divalent ion requirement. We pre- 
viously found that both Mg 2 * and Mn 7 * support OPN binding 
to integrln aJ3 3 . but that Ca**" suppresses this interaction (12). 
Here, we show that Ca z * also falls to support the binding of 
OPN to Integrlns and *j3 5 . This observation Is Important 
because It illustrates a Key difference between the binding of 
OPN and vitronectin to a v -|ntcgrlns. Although small differ* 
enrcs exist in the rank-order potency of divalent ions in sup- 
porting adhesion to vitronectin, physiologic level* of Co 2 * sup- 
ported maximal cell adhesion to this protein through aji t and 
"vPs- This K In contrast to th« adhesion to OPN which is not 
supported at any IavcI by Ca 2+ . In i his regard It is worth noting 
an liuporUml biochemical distinction between vitronectin and 
OPN. The vitronectin used In thesu: studies Is a multimer, often 
containing between 12 and 15 vitronectin moictic* per mul- 
timer (32, 33). There is substantial evidence that the multim- 
eric vitronectin Is also present In extracellular matrices In vivo 
(32-34), In contrast, the OPN used In tliese studies was proven 
to be monomelic by mass spectral analysis (12) and gel filtra- 
tion chromatography (data not *hown). The soluble OPN found 
in body fluids Ls also assumed to bit a monomer. Consequently, 

it is possible that multiuu»rfc vitronectin engages several inte- 
grlns simultaneously, thereby overriding an otherwise lower 
affinity between vitronectin and nvlntcgrtns In calcium Ion. 

While Ca* + does not support OPN binding to Integrlns a„fi i 
and ajiz, Mn 2f ls able to enlianci! the binding. This result is 
not uninspected because Mri 2 * is known to activate Ugnnd bind- 
ing functions of many integrlns <22. 35-3A). The physiologic 
activation of integrlns can also be mimicked by monoclonal 
antibodies (16. 39 -41). For example, several studies have dem- 
onstrated that Integrlns can be subject to physiologic activa- 
tion. The best example Is the platelet fibrinogen receptor inie- 
grin <* IIb /Jj f which exists In a dormant state on resting platelets. 
This intcgrin responds to platelet activation by Increasing Its 
affinity for soluble fibrinogen (42). Tills increased binding af- 
finity enables platelet aggregation at the site of a wound. Our 
data indicate that the binding of GST-OPN to intcgrin <*J3, can 
be enhanced by boLh Mn 2 * and the mAb oA2< which is known 
to be an agonist of oilier 0,-intcgiins. Although several other 
integrlns arc known to have agonists other than divalent ions 
(16), to our knowledge, this is the first demonstration that the 
affinity of an ovlntegrln can be modulated by an agonist be- 
sides Mn z+ , By analogy with other integrlns that are similarly 
stimulated, it is possible that this artificial stimulus indicates 
the potential for enhancing the affinity state of the integrln by 
physiologic means. It is important to emphasize that even 
when Ca** is present, the mAb 8A2 was able to enhance cell 
adhesion to OPN to maximal levels. Thus, the suppressive 
effects Of Ca z * can be Overridden by other stimuli. In future 
studies. It will be important to determine if a u fl s and can 
be similarly stimulated to bind OPN when Ca* * is present and 
to determine if there are cellular signals that can promote 
adhi-tion to OPN in Ca 2 + . 
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The binding of OPN to and a v 0 s may be important to 
bone homeostasis. OPN Is thought to be one of the most impor- 
tant matrix proteins for osteoclast adhesion (2, 4). la addition, 
soluble OPN stimulates intracellular signaling m osteoclasts! 
Including Ca 2 * fluxes and the phosphorylation of Intracellular 
proteins (43). It has been reported chat iniegrin ts present 
on human osteoclasts (44-47) and that Integrln is present 
on chicken osteoclast precursors (4$, 49). Therefore both of 
these Integrlns are positioned to media Le inter actions between 
OPN and culls in bone. Our finding that integrlns aji l and ajjj 
have high affinity for OPN Indicates that interactions between 
OPN and these receptors may play an essential role In bone 
remodeling. Blocking the activity of a^Py with antibody* inhib- 
its bone resorption, but no analogous study has been done with 
antagonists of other *r w -integrins. Our data suggest that similar 
experiments should be done with antagonists of 0, and 0 V 

Recent study also indicates that OPN is involved in vascular 
injury and repair (6, 31). One of the Initial responses t« vascu- 
lar Injury Is the formation of a neointima which precedes the 
formation of atherosclerotic lesions (50). Clachclll et al (51) 
recently showed that OPN expression is increased substan- 
tially In both rat and human smooth muscle cells surrounding 
a vessel that has been exposed to a catheter-induced Injury. 
Because of the temporal regulation of OPN synthesis following 
Lhis Insult, the liypuLhesls was put forth that the OPN ex- 
pressed by smooth muscle cells may be an important modulator 
of cell migration and proliferation associated with ncoinUrna 
formation (7, 52). The same group showed that, Integrln 
mediates only a portion of smooth musdu cell or to OPN; a 
major component of this adhesion was not blocked by antago- 
nist serine for ct^^ (7). The data presented In this report 
indicate tltat iniGgrins a v ^ and aj*, should be considered as 
candidate OPN receptors involved In guiding vascular repair. 

The kinetic data in this report provide Information essential 
Lo an understanding of the biology of OPN. Many adhesive and 
signaling events are tied to cellular exposure to OPN. In large 
part, it had been assumed dmc these events are mediated by 
Intcgrin because it was the only known OPN receptor, In 
conjunction with our prior study (12). the data In this report 
show that flvft, * v p,, and a v p s have similar affinities for OPN 
and that the ion regulation or OPN binding lo each integrln Is 
nearly Identical. Therefore, along with a v 0 t and ^ 

must now be considered receptors for OPN. 
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